Robotic arm-assisted versus conventional unicompartmental knee arthroplasty exploRatoRy secoNdaRy aNalysis of a RaNdomised coNtRolled tRial
Introduction
the early 21st century has seen a proliferation of roboticassisted surgical technology. over 50 000 procedures are reported to have been carried out to date with the mako system, predominantly in the United states. the acquisition by stryker corporation (Kalamazoo, michigan) of mako surgical corporation (fort lauderdale, florida) at the cost of $1.65 billion in december 2013 1 is an indication that robotic orthopaedic surgery is about to enter mainstream medical care. despite the rapid rise in robotically assisted procedures, randomised controlled trials directly comparing robotic and traditional surgery are rarely, if ever, undertaken.
Knee kinematics in total knee arthroplasty (tKa) patients have consistently been shown to be worse than aged matched controls. [2] [3] [4] poor knee kinematics, perceptible to patients, can influence a patient's satisfaction with surgery and their ability to undertake activities with confidence. High-demand activities are even more likely to be severely limited by poor kinematics, and this is reflected in patient satisfaction surveys. 5 although unicompartmental knee arthroplasty (UKa) offers potential functional advantages over tKa, 6, 7 one of the greatest challenges to both uptake of UKa by surgeons and the ultimate success of the surgery has been the technically demanding nature of the surgery. poor prosthesis alignment has been associated with early failure of UKa and is likely to contribute to the higher revision rate observed with UKa in comparison with tKa (1.4% versus 4.6% at three years). 8 in addition, there is strong evidence emerging that surgeons undertaking low volumes of UKa have higher revision rates, reflecting the complexity of the surgery. 9 Both patient and surgical factors have been implicated as contributing to the dissatisfaction of patients; factors such as malrotation of the implant and a history of depression or back pain. [10] [11] [12] [13] [14] Robotic arm-assisted surgery using the mako system has been previously reported to produce significantly more accurate implantation of both the femoral and tibial components in all three planes (sagittal, coronal and axial). 15 similar results were reported for the acrobot system (acrobot company ltd., london, United Kingdom) by cobb et al 16 and for previous iterations of the mako system (tactile Guidance system; mako surgical corporation). 17 Having demonstrated the accuracy of robotic-arm UKa, 15 the challenge for surgical robotics is to demonstrate sufficient improvements in clinical outcome to offset the additional costs of these systems.
Materials and Methods
Trial design. the original trial was designed as a prospective parallel equally randomised single-centre study to compare alignment in two groups of patients undergoing unicondylar knee arthroplasty for treatment of osteoarthritis of the medial compartment of the knee. the mako robotic arm-assisted system was used for one group and a manual UKa was performed using traditional surgical jigs in the other.
the present study reports a secondary exploratory analysis of whether the increased accuracy provided by roboticarm technology influences early clinical outcomes. Patients. a total of 139 patients were recruited from a single centre (Glasgow Royal infirmary, Glasgow, United Kingdom) between october 2010 and december 2012 ( fig. 1 ) who were awaiting unicompartmental knee arthroplasty for medial compartment primary osteoarthritis. enrolment was carried out by a research associate.
patients included in the study were those considered suitable for UKa by the surgical authors (mJGB, BJ, am), who gave written informed consent and who could comply with the study follow-up regime.
patients were excluded if they had any of the following: any contraindications detailed by the device manufacturer; any tibial deformity requiring tibial component augmentation; requirement for a total knee prosthesis; inflammatory polyarthritis; a disorder of the contralateral knee, feet, ankles, hips or spine causing significant abnormal gait or significant pain; a neurological condition affecting movement; or any other pre-existing condition that would, in the opinion of the investigator (mJGB), compromise their participation and follow-up in the study. Randomisation and blinding. the randomisation was performed by the Robertson centre for Biostatistics (University of Glasgow) via a bespoke web-based randomisation portal and s-plus (tiBco software inc, palo alto, california), with stratification by surgeon (mJGB, BJ, am). the treatment team were blinded to the sequence, and patients and researchers were not informed of the outcome of the randomisation. Treatment. patients were randomised to receive either an oxford phase 3 UKa (Biomet, Warsaw, indiana) implanted with the aid of traditional surgical phase 3 jigs, or a Restoris mcK UKa (mako surgical corporation) implanted with the aid of the mako system, a tactile guided robotic arm-assisted system. three specialist knee surgeons (mJGB, BJ, am) with a minimum of five years independent practice as an orthopaedic surgeon performed the surgery. the clinical unit performs approximately 100 UKas per annum. surgical technique: robotic arm-assisted UKa. a preoperative ct scan was segmented by a trained technician to construct a 3d model of the patient's knee. this allows planning of individualised component positioning prior to surgery. the operating surgeon (mJGB, BJ, am) defined the size and position of the femoral and tibial components in the pre-operative plan, optimising bone coverage, restoring joint anatomy and minimising bone resection. implant alignment, therefore, was tailored to each patient. Using the pre-operative plan, the mako system calculates the 3d volume of bone requiring resection, allowing the robotic arm to resect bone using a high speed, saline-cooled burr. any burring outside of the predetermined zone is resisted by the robotic arm using tactile feedback and audio signals, with complete shutdown of the burr if the arm is forced outside of the zone.
the system uses optical motion capture technology (polaris spectra, Ndi, Northern digital inc. ontario, canada) to track photoreflective marker arrays fixed to the femur and tibia through separate stab incisions. this technique allows dynamic referencing of the femur and tibia. thus, the 3d bone resection volume moves with the limb in real time as the surgeon moves the limb. visual feedback is given to the surgeon by the on-screen computer aided design images, and tactile feedback is provided by the robotic arm restricting the burr to stay within the resection volume.
the Restoris mcK implant consists of a cobalt chrome femoral component and a titanium tibial component with a fixed bearing polyethylene insert. surgical technique: conventional UKa. conventional UKa operations were carried out using standard manual instrumentation and the oxford phase 3 UKa. standard instrumentation involved pinning a tibial cutting guide to the tibia, providing a flat surface to guide manual resection of the bone using a handheld reciprocating saw for the vertical cut and an oscillating saw for the horizontal. this guide is aligned using visual and palpable anatomic landmarks. on the femoral side, an intramedullary rod is inserted into the distal femur to align the femoral cutting guide, again using visual landmarks. the standard instrumentation jigs and accompanying operating technique manual provide fixed target values for all patients, without the opportunity for tailoring of implant position to each patient's anatomy.
the oxford UKa consists of a cobalt chrome femoral and tibial implant and a fully congruent polyethylene mobile bearing. Follow-up. data were collected at three months and one year post-operatively. all trial data were collected by a blinded independent research nurse or research associate at the Glasgow Royal infirmary, United Kingdom. Power calculation. the primary outcome required 126 patients to detect a difference of 1° in tibial sagittal positioning with a power of 80% (a = 0.05). to allow for loss to follow-up, the total target of recruitment was 150 patients (75 in each group). completion of recruitment was regarded as the primary stopping point for the surgical stage, and completion of follow-up at one year postoperatively for all patients was defined as the stopping point for this study of secondary outcomes. Outcome measures. We report within this paper the secondary clinical outcomes from the randomised controlled trial. outcome measures included the american Knee society score (aKss), oxford Knee score (oKs), forgotten Joint score (fJs), Hospital anxiety depression (Had) scale, University of california, los angeles (Ucla) activity scale, short form-12 (sf-12), pain catastrophising scale (pcs), somatic disease (primary care evaluation of mental disorders score), pain visual analogue scale (vas), analgesic use, patient satisfaction, complications relating to surgery, the requirement for revision surgery and a 90-day diary to catalogue early pain and functional recovery post-operatively. statistical analysis. student's t-test was used to compare continuous variables with a normal distribution of data. the mann-Whitney U test was used to compare continuous variables without normal distribution. a chi-squared test or fisher's exact test was used to compare categorical data. these analyses were performed using Graphpad prism 5.04 (Graphpad software inc., la Jolla, california).
due to the exploratory nature of the study, a standard alpha level of 0.05 was adjusted for multiplicity to 0.005, given the ten secondary outcomes presented, following a Bonferroni correction. Given the exploratory approach of the study and the conservative nature of the Bonferroni approach, both levels were used to highlight key results.
the study was analysed on a per-protocol basis due to a lack of available data from which to perform an intention-to-treat analysis for those who had withdrawn or had been discharged, or those who were converted to tKa on the table or those who were revised. Proposed additional secondary outcome analysis. a post hoc power calculation was carried out on the population means, sample deviations and sample numbers to determine the power ((1-β) × 100%) of the study at three months and one year to detect the minimally important clinical difference 18 for the aKss and oKs (supplementary material). this showed that the study was powered for oKs but otherwise underpowered for aKss.
Factors predictive of excellent and poor clinical outcomes
analysis. the ceiling limitations of the current standard patient-reported outcome measures are well recognised 19, 20 and render them incapable of differentiating between degrees of excellence in clinical outcomes. for further analysis, outcome scores were dichotomised due to the non-linear nature of many of the scores used.
for the aKss and oKs, the 90th centile was used to differentiate patients with an excellent outcome who may be limited by the ceiling limits of the respective scores; for the aKss this value was 180 out of 200, and for the oKs it was 43 out of 48. for the fJs, a less stringent 80th percentile value was used as the ceiling effect of this score is minimal. 21 the Had score can be divided into an anxiety score and a depression score; a score of greater than eight is generally accepted as being indicative of depressive or anxious traits. 22 for the Ucla activity scale, a cutoff value of five was used. this represents patients who are able to undertake all of the basic daily activities of life such as housework, shopping and simple exercise. the pcs cutoff level was set at 20 out of 54, which represents the cutoff point for the bottom tertile of the patient cohort, as previously been used by Riddle et al. 23 patients who report more than three somatic-type symptoms on the somatic disease scale, for which a cause cannot be identified, are considered to be at risk of somatic disease. Without access to general practitioner records, the ability to assess and verify all patient symptoms other than joint pain was restricted, and therefore a more stringent level of five reported symptoms was used. this level also allows for the fact that all patients in the cohort, by default of indication, report joint pain as a symptom.
finally, for the pain vas, a cutoff value of 70 out of 100 was used to denote severe pain. this value has previously been used by Kelly 24 to denote patients with severe pain.
Binary logistic regression modelling was used to predict factors that are important in the surgical outcomes, and this was performed using minitab vs12 (minitab inc., state college, pennsylvania). study oversight. the study complied with the principles of the declaration of Helsinki and was approved by the local ethics committee of the West of scotland Research ethics service (10/s0704/12) and registered with the isRctN (international standard Randomised controlled trial Number) Registry (isRctN77119437).
Results
Follow-up. a total of 139 patients underwent randomisation (fig. 1) ; 64 of 70 (91%) in the robotic arm-assisted group and 62 of 69 (90%) in the manual surgery group completed the 12-month follow-up. the mean three month and one year follow-up times for the robotic armassisted group was 3.2 months and 13.0 months, and for the manual surgery group it was 3.2 months and 13.0 months. Pre-operative demographics. pre-operative demographics (supplementary material) were well balanced for all variables other than pre-operative anxiety. although the difference in pre-operative anxiety between the groups reached statistical significance (p < 0.05), the higher anxiety in the manual group is unlikely to be a clinically relevant difference (0.5). early post-operative pain. pre-operative pain levels were not significantly different between the two groups (supplementary material). However, from the first post-operative day through to week 8 post-operatively, the median pain scores for the robotic arm-assisted group were 55.4% lower than those observed in the manual surgery group ( fig. 2 ) (p = 0.040). However, by three months and one year post-operatively, there was no difference in pain scores between the groups (supplementary material). all patients were offered the same analgesic pathways (supplementary material), demonstrating no difference in the overall analgesic use for either patient group. Clinical outcomes. at three months post-operatively, the robotic arm-assisted group had better aKss ( fig. 3 , and supplementary material), although no difference was noted in oKs. the fJs is a measure of a patient's awareness of their joint. although there was no overall statistical difference between the two groups, the proportion of patients achieving a forgotten joint (fJs > 80%) was almost double in the robotic arm-assisted group (15% versus 8%, p = 0.265).
at one year post-operatively, the reported differences with the aKss had narrowed from a mean of 21 points to a mean of 7 points (p = 0.106) ( fig. 4 , and supplementary material), with 44% of the robotic arm-assisted group and 26% of the manual surgery group reaching the ceiling limit of the score (aKss > 180/200). the proportion of patients with a forgotten joint had increased proportionately in both groups to 26% in the robotic arm-assisted group and 13% in the manual surgery group (p = 0.067). No difference was observed with the oKs, and almost half of each group reached the ceiling limit of the score (oKs > 43) (supplementary material). a greater proportion of patients receiving robotic armassisted surgery improved their Ucla activity score from pre-operatively to one year post-operatively by more than one level, 69% versus 52% (p = 0.06).
there were no significant differences between the two groups using the general health outcome measure sf-12, nor were there any significant differences in complications noted. No revision surgery was performed on any patient within the first 12 months after surgery. there were a number of minor wound complications which were more common in the manual surgery group (supplementary material), but there were no deep infections in either group. inpatient length of stay was shorter in the robotic-arm surgery group, with a difference of 0.54 days (p = 0.07) (supplementary material). additionally, three months post-operatively, primary care utilisation calculated from Graph showing early post-operative pain. visual analogue scale (vas) pain scores were recorded by the patient daily for the first seven days, and then subsequently weekly.
the group proportions visiting their Gps, was 15% lower (p = 0.092) (supplementary material) in the robotic-arm group.
Factors predictive of excellent and poor clinical outcome. Using aKss > 180, oKs > 43 and fJs > 80% as markers of excellent clinical outcome, the key factors associated with achieving excellent outcome were a preoperative activity level > 5 on the Ucla activity score (all three outcome measures; aKss, oKs, fJs), use of roboticarm surgery (two outcome measures; aKss, fJs), and not having pre-operative depression (one outcome measure; aKss) (supplementary material).
subanalysis of patients with pre-operative Ucla activity scores > 5 revealed differences in the outcome between robotic arm-assisted and manual surgery for the aKss (p = 0.0064), the oKs (p = 0.0106) and the fJs (p = 0.0346) (figs 5 and 6, and supplementary material).
factors associated with poor outcome were pre-operative depression (three outcome measures; aKss, oKs, fJs) and pre-operative anxiety (one outcome measure; oKs) (supplementary material).
Discussion
By its very nature, UKa surgery is more complex and, with the ability of the robotic system to tailor implant position to individual patient's anatomy and adjust component position intra-operatively, the potential benefits of this advanced technology, in theory, should be greater than those of tKa surgery. different soft-tissue balancing based on implant positioning affects the kinematics of the knee in vitro. 25 While for standard significance levels (α = 0.05) the use of robotic arm-assisted surgery for UKa results in better early post-operative clinical outcomes (at three months) based on the aKss and lower early post-operative pain scores (over the first eight weeks), these didn't reach significance with adjustment for multiple comparsions. By one year, the difference between the groups had narrowed, with most patients in both surgical groups reaching towards the ceiling level of the aKss with no difference observed in the scores. the oKs was noted to have no difference with either standard or adjusted significance levels at any timepoint. although the proportion of patients achieving a forgotten joint (fJs > 80%) was more than double in the robotic-arm group, this did not reach standard or adjusted statistical significance. the currently available knee outcome measures are designed to measure differences between pre-operative and post-operative disease in tKa patients. they are inadequate for UKa patients who start with smaller burden of disease and are generally younger, fitter and healthier. in the cohort, 43% of patients had a one-year post-operative oxford score > 42, which is generally acknowledged as being an excellent score. With so many patients scoring so highly, the restrictive ceiling limits of the oKs make it impossible for the score to differentiate between degrees of excellence. the fJs is a more discriminatory scoring system, but does not adequately tackle patients' function, only awareness or feeling of the knee joint.
in the absence of outcome measures that are truly able to differentiate between good and excellent, statistical methods were sought to examine the factors that are associated with good (and poor) outcomes. positive predictive factors (α = 0.05) for good early clinical outcome after UKa include the use of robotic-arm surgery (for two of three outcome measures; aKss, fJs) and high patient Graph showing three-month post-operative american Knee society score (aKss) (p = 0.0405).
pre-operative activity (all outcome measures; aKss, oKs, fJs). poor results were universally associated with preoperative depression, which has been previously reported by a number of authors. 12, 13, [26] [27] [28] outcome following joint arthroplasty surgery is affected by both patient and surgical factors. the analysis of the results in patients who are more active pre-operatively effectively allows us to focus on the influence of surgical factors, with a clinically important difference in outcome demonstrated in favour of robotic-arm surgery.
although the ability to assess clinical outcomes has been limited by the available outcome measures, change in pain over time is easier to quantify and stratify reliably. the data show quite marked differences in post-operative pain from day 1 through to week 8 post-operatively. although definitive explanations for these differences could not be provided, there are several key distinctions between the two surgical philosophies that may potentially provide an explanation. the robotic-arm system allows surgery to be tailored to the patient's anatomy, with more accurate reconstruction of the joint surfaces and the potential for more natural knee kinematics. Robotic arm-assisted surgery does not use a femoral intramedullary rod thereby avoiding additional surgical trauma. this benefit may be offset, however, by the additional use of bone pins, inserted into the femur and tibia during surgery, for the navigation trackers. the use of a robotic arm-mounted irrigated burr rather than a traditional high-speed saw blade may prevent excessive heatassociated bone necrosis and might facilitate more minimal bone resection, both of which may lead to less post-operative pain. alternatively, there may be a placebo effect if patients determine that they have received robotic arm-assisted surgery. patients were not specifically informed of what type of surgery they would receive, but it would have been possible for an inquisitive patient to discover this themselves as sham procedures (such as stab wounds on the limbs of patients receiving manual surgery to mimic the entry of bone pins) were not performed.
there are several limitations to the study. the sample size is relatively small, as the study was originally devised to determine the accuracy of the robotic-arm system. Without correction for multiple comparisons, statistically significant findings may be spurious (type i error). similarly, adjustment for multiple comparisons can introduce type ii errors (false negatives, where true differences are not observed due to the more stringent test to detect significant differences p < 0.005).
in addition, the implants differed between the two groups in the study: fixed bearing for the robotic armassisted group and mobile bearing for the manual surgery group. there are recognised differences in kinematics between these implant designs. 29 the pragmatic decision to use these implants was based on the lack of availability of a mobile bearing implant for use with the mako system, and a desire to compare the robotic-arm technology with the current benchmark treatment for UKa, which, in the United Kingdom at least, is the Biomet oxford Unicompartmental Knee system (Zimmer Biomet, Warsaw, indiana). this limitation in the study design makes it impossible to determine if the differences observed are due to the differences in the implants or due to the robotic-arm surgical technique. Graph showing one-year post-operative american Knee society score (aKss) for patients with pre-operative University of california, los angeles activity scale score > 5. the lack of depressed patients in this higher functioning group further represents association of depression and poor clinical outcomes. two depressed patients in the robotic arm group achieved higher levels of activity (p = 0.0064). Graph showing one-year post-operative oxford Knee score for patients with pre-operative University of california, los angeles activity scale score > 5. the lack of depressed patients in this higher functioning group further represents association of depression and poor clinical outcomes. three depressed patients in the robotic arm group achieved higher levels of activity (p = 0.0106). a third limitation is that the cohort of patients has not yet reached the relevant timepoint at which to assess the impact on implant survivorship that may develop due to the increased accuracy that robotic-arm technology affords.
only per-protocol data were available for analysis as patients who were treated with total knee arthroplasty were not followed up. there is therefore a risk to the integrity of the randomised groups from attrition bias.
ensuring surgical equipoise is difficult in trials which involve new technologies are compared against current standards of care. surgical experience among the investigators favoured the traditional oxford procedure, with all surgeons experienced in this surgical technique. experience with the robotic arm to date, however, suggests that the technology is easily adopted and this is underlined by the improved implant accuracy shown in an earlier study. to explore further the influence of surgeon experience on the results, a much larger trial would have to be conducted incorporating an expertise-based design.
the final limitation of the study relates to the use of standard outcome measures that are ineffective at differentiating degrees of excellence in clinical outcome. the decision to use the aKss and oKs was based on both scores being widely accepted in the orthopaedic community. differences in outcome might yet be demonstrated by a quantitative assessment of kinematics using gait analysis.
although improved outcomes were seen in favour of robotic arm-assisted surgery in active healthy patients (i.e. Ucla > 5), this outcome does not withstand more stringent multiplicity adjustments. a much larger-scale multicentre study is required to determine whether the technology is effective for patients presenting with oa of the knee who require a UKa.
currently, the fundamental barrier to adoption of this technology, particularly in the public health sector, remains the cost of robotic-arm systems. any future multicentre randomised trials, in addition to studying clinical effectiveness, should also include a full health economic assessment of the cost-effectiveness of the technology.
supplementary material
tables and figures showing detailed patient demographics, three-month and one-year clinical results, all results for predictive factors of excellent and poor outcomes, analgesic use, in-patient stay, post-operative primary care utilisation and patient satisfaction are available alongside the online version of this article at www.bjr. boneandjoint.org.uk.
